placement histones, were originally identified as products of histone genes whose synthesis occurs outside of S phase (Zweidler, 1984) . This is in contrast with the tight regulation imposed on the synthesis of the vast majority of histones (S phase histones). Indeed, S phase respectively. In all vertebrates studied so far, both H3.2 and H3.3 are expressed, yet in budding yeast only one Introduction H3 histone is expressed which is most similar to the vertebrate H3.3 variant (Baxevanis and Landsman, 1998). The basic module of chromatin, the nucleosome, con-A recent study in Drosophila, using GFP-tagged H3 sists of 146 base pairs of DNA wrapped around an (closely related to mammalian H3.2) and GFP-tagged H3.3, octamer of four core histones and exists in a variety showed that H3 is exclusively incorporated during repliof forms that contribute to the definition of distinct cation whereas H3.3 can be deposited both during and functional domains within the nucleus (Wolffe, 1998).
and H3.3 complexes (Figures 1B). Although the fusion proteins with C-terminal FLAG-and HA-epitope
intensity of e-H3.1/e-H3.3 staining appears to be higher tags (e-H3.1/e-H3.3) in HeLa cells by retroviral transducthan that of H4 in silver-stained gels, we observed that tion. Immunofluorescent staining of e-H3.1 or e-H3.3 in recombinant e-H3.1/e-H3.3 and H4 proteins loaded with these cells reveals that the tagged histones colocalize equal molar absorptivities showed similar ratios of silwith mitotic chromosomes, indicating that the presence ver-staining intensities (data not shown). Thus, e-H3.1/ of the epitope tag does not interfere with the deposition e-H3.3 and H4 in the purified complexes could be presof H3 in vivo ( Figure 1A , top and middle). In control experient in stoichiometric amounts. ments, e-DDB2, the 48 kDa subunit of DDB tagged with In contrast to their presence in nucleosomes, histones the same epitopes and which binds to chromatin in a H2A and H2B were not detected in either complex (Fig-UV (Figure 1 ). These two chaperinteract with histones H3 and H4 and to synergize with ones have been shown to be involved in distinct nucleo-CAF-1 to assemble nucleosomes in a pathway coupled some assembly pathways in higher eukaryotes. HIRA is to DNA synthesis during replication in Drosophila emcritical for a DNA-synthesis-independent nucleosome bryo extracts (Tyler et al., 1999 (Tyler et al., , 2001 plexes in vitro, we used a Xenopus egg extract system although it is uncertain if this form corresponds to the (HSE) that is highly efficient for nucleosome assembly previously reported alternatively spliced product, sNASP using either histone deposition pathway (Almouzni and (Alekseev et al., 2003) .
Mechali, 1988; Ray-Gallet and Almouzni, 2004). Remarkably, the entire set of CAF-1 subunits, p150, Endogenous HIRA or CAF-1 p150 was immunodep60, and p48, was specifically identified only in the H3.1 pleted from HSE, resulting in extracts that were Ͼ90% complex ( Figure 1B ). Immunoblotting of the purified depleted for HIRA or CAF-1 p150 ( Figure 2A ). These complexes showed that CAF-1 p150 is highly specific depleted extracts were then used to assay nucleosome to the H3.1 complex ( Figure 1E ), supporting the view assembly on either mock-treated, intact plasmid DNA that CAF-1 is a DNA replication-dependent histone (p0) to follow nucleosome formation in the absence of chaperone. While CAF-1 p150 and p60 are highly spe-DNA synthesis or on UV-treated plasmid DNA (pUV) to cific to the H3.1 complex, p48 was present in both comfollow nucleosome assembly in the presence of DNA plexes ( Figure 1B We also examined the deposition of histone H3 in a DNA-synthesis-independent nucleosomal assembly plexes via distinct nucleosomal assembly pathways. To obtain direct evidence that histones H3.1 and H3.3 are pathway. We used immobilized intact DNA as a template and a CAF-1 p150 depleted HSE in which only the HIRA indeed assembled by distinct assembly pathways, we performed the following experiments. First, we prepared dependent pathway is functional. In contrast to the DNAsynthesis-dependent deposition, e-H3.3, but not e-H3.1, cytosolic extracts from HeLa cells expressing e-H3.1 or e-H3.3. Immunoblotting data show that these cytosolic was recovered onto immobilized intact DNA ( Figure 3C , lanes 4 and 8), indicating that histone H3.3 is specifically extracts contain no detectable CAF-1 or HIRA ( Figure  3A) , so we employed these extracts as the source of deposited in DNA-synthesis-independent nucleosome assembly. Taken together, we conclude that histone free-tagged histones for nucleosomal assembly reactions. To examine DNA-synthesis-dependent nucleoso-H3.1 and H3.3 are assembled into nucleosomes via CAF-1 p48, and ASF1, which might dissociate from the parental complex, were also detected in fraction 3. CAF-1 p150, p60, and p48, ASF1, NASP, HAT1, and importin 4, as well as e-H3.1 and H4, are found in the fraction 5, consistent with the idea that these factors are stably associated as components of a single complex, or tightly associated subcomplexes that could dynamically exchange. The fractions collected from the glycerol gradient were pooled as indicated (Figures 4A and 3B) , concentrated by HA-antibody immunoprecipitation, and tested for complementation of the nucleosome assembly defect of CAF-1 p150-depleted extracts. As shown in Figure 4D , pools 2 and 3 rescued the defect of CAF-1 p150-depleted extract, and the complementation activity appears to correlate with the amount of CAF-1 in the pools (Figure 4C) , as expected. lane 1), e-H3.1-(lane 2), and e-H3.3-(lane 4) containing mononucleosomes, and the H3.1 (lane 3) mononucleosomes, consistent with our data that hisThe resulting material was contaminated with Ͻ5% ditones H3.1 and H3.3 are deposited via distinct nucleonucleosomes and was further purified by glycerol grasome assembly pathways in vitro (Figure 3 ). dient centrifugation, yielding e-H3.1/e-H3.3-containing mononucleosomes at Ͼ99% purity, as estimated from the analysis of a SYBR green-stained DNA gel (data Discussion not shown).
DNA-Synthesis-Independent
The Coomassie blue-stained SDS-PAGE gel showed Mechanisms of Nucleosome Assembly Various experimental results, both in vitro and in vivo, that these mononucleosomes contain e-H3.1/e-H3.3, untagged histone H3, H2A, H2B, and H4 at an approxihave culminated in the conclusion that nucleosome core particles are assembled in two steps (reviewed in Wolffe, mate ratio of 1:1:2:2:2 ( Figure 6A ). Note that although the intensity of the epitope-tagged H3 appears to be 1998). First, a tetramer of histones H3 and H4, (H3-H4) 2 , is deposited on DNA, organizing the central 120 base higher than that of untagged H3, this could be due to the higher sensitivity of the epitope-tagged H3 to Coopairs of DNA identically to that found in the nucleosome. Subsequently, two H2A-H2B dimers associate with the massie blue staining. The presence of untagged H3 and the lower representation of e-H3.1 and e-H3.3 compared deposited (H3-H4) 2 , completing formation of a nucleosome core particle and organizing 146 base pairs of to native histones H2A, H2B, and H4 are consistent with the expression levels of e-H3.1 and e-H3. 
